The fastener failures at different parts have diverse influences on the outputs of rotor systems. However, little research about this has been reported yet. Thus, the influences of various fastener failures on rotor outputs are investigated in this paper. According to the different failure behaviors, we divide the fasteners into three types. Considering that the immediate result of a fastener failure is to cause the fastened parts loosening, the looseness is considered as the fastener failure mode. The failure models of the three kinds of fasteners are established by the lumped mass method. By the numerical simulation, the outputs of the system under different failures are acquired. Moreover, to reveal the influences of the failure degree on the rotor system, the outputs of the system with different looseness are studied. The investigation in this paper disclosed the characteristics of different fastener failures, which is helpful for failure locating and failure diagnosing. Furthermore, this work also provides the theoretical foundations for the mechanism researches of the machine failures caused by fastener faults.
I. INTRODUCTION
The most commonly used parts in machinery are fasteners. Their main functions are to connect and fix two or more parts and to transmit the load from one part to another. A fastener joint represents discontinuity in the structure and always leads to high stresses [1] . Owing to the low manufacture level and poor installation quality, a machine is frequently subject to various imbalance forces during its operation [2] . Under these unbalance forces, fasteners are easy to loosen or fatigue [3] . The fastener failure in rotating machines is particularly common since the imbalance forces in rotating machines are periodic. Machinery's characteristics, such as natural frequencies and mode shapes et al., have close links with the complex behaviors of fasteners [4] . Fastener failures would change the local stiffness and damping of the joint interfaces, which will affect the dynamic performance of the system, and even result in machine failure or catastrophic accidents [5] , [6] . Studying the effects of fastener failure on rotor dynamics will help to detect fastener loosening and predict system failure.
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A model is the basis of dynamic analysis. The correctness and credibility of the results depend on the quality of the chosen model. At present, the most common modeling methods about fasteners failure are lumped mass (LM) methods and finite element (FE) methods. Since the complexity of the LM method can be adjusted according to the specific precision demands, it has been wildly used to establish dynamic models. To obtain the influences of nonlinear phenomena on the free and forced vibration of the rotor-bearing system, a multiple scales approach of free and forced vibration was developed by Ji and Zhu [7] based on the LM method. By using the LM method, Lu et al. [8] , [9] established the dynamic models of the systems with the single and the double pedestal looseness, respectively. Wang et al. [10] , [11] modeled the single-degree-of-freedom LM model and the rotor-casing whole vibration model of aero-engine with looseness fault. Jiang et al. [12] studied the rub-impact influence on the rotor system with pedestal looseness though the LM method and proposed the evaluation for identifying this fault in rotor systems. With the development of computer technology, the calculation cost has been decreased sharply. The FE method was used to investigate the dynamics of machinery by more scholars. Behzad and Asayesh [13] developed an FE code of the discs loosening in rotor bearing systems based on the energy method. Ma et al. [14] used the FE model to analyze the nonlinear vibration characteristic of the rotor system with pedestal looseness under different load conditions. Many models with looseness fault involved in previous researches focus on the single rotor. However, some large rotating machines in engineering are multi-rotor structures. In view of the different structures between the single rotor and the dual rotor in reality, Wang et al. [15] built an FE model of a dual-rotor system with pedestal looseness. By this model, the dynamic characteristics of the inner and outer rotors were studied.
For fastener loosening faults, different researchers' concerns determine the corresponding research contents. The investigation of mechanisms can help to reveal the specific evolution process of fastener failure. Zadoks and Yu [16] studied the mechanism of bolt self-loosening under the transversely excited by combining Hertz theory and a two-degreeof-freedom dynamic model. Their research showed that the impacting between the clamped mass and the clamping bolt is the main factor of bolt self-loosening. An experiment [17] showed the self-loosening process of the bolt under the transverse cycle load consists of two stages. The two stages are called the cyclic-plastic stage and the nut-backing-off stage by Jiang et al. [18] . In order to explore the mechanisms of bolt self-loosening under the transverse cyclic load, Jiang et al. [3] , [18] investigated the two stages by a combined of experiment and FE method and experiment respectively.
Fastener behavior has a close link with the mechanical system to which it belongs. The dynamic response characteristics of the system would vary with the performance of the fasteners. To investigate the influences of pedestal looseness on the stability and vibration of rotor-bearing systems, the periodic, quasi-periodic and chaotic vibrations were analyzed by Chu and Tang [19] in theory. Muszynska and Goldman [20] studied the effect of pedestal looseness on the chaotic of unbalanced rotor systems theoretically and experimentally. In practical engineering, the influence of looseness on the dynamic performance of the system might couple with the working environment. The effects of operation status on the vibration characteristics of the system with pedestal looseness were investigated by Lu and Chu [21] . They observed the nonlinear features by changing the speed, looseness gap, imbalance mass and disk position in the experiment. These researches all focused on the single looseness fault, however, the fastener loosening always accompanied with the multiple faults in engineering. On the basis of considering the nonlinear oil film force of sliding bearings, Liu et al. [22] studied the looseness-rubbing coupling fault of the rotor system caused by bolt looseness. Yang et al. [23] proposed a geometrical nonlinear rotor system with imbalance-rub-pedestal looseness coupling faults, and obtained the typical signals of the coupling faults, such as imbalance-looseness coupling, imbalance-rub coupling, et al. The nonlinear behaviors of the turbo-expander with crack, rub impact and pedestal looseness are investigated by Li and Li et al. [24] respectively. Their findings laid the foundations for the decoupling of the turbo-expander with multiple faults.
All the researches mentioned above concentrated on the bolt looseness of a pedestal, investigations about fastener loosening in other parts are seldom reported. However, fastener failures at different parts would have diverse influences on the dynamic characteristics of systems. The effect of the bolt loosening at the joint interface on the rotor dynamic was studied by Qin et al. [25] . Their result shows the influence of bolt loosening at the joint interface is significantly different from that of which at the pedestal. Single content and narrow applicability are the biggest shortcomings of the current researches about fastener failure. Although there are many types of fasteners, their functions are almost the same, and they fail would cause looseness in systems. Taking fasteners of different parts as objects, studying the relationship between their behaviors and the output characteristics of machines is helpful to predict the loosening fault of the system comprehensively. Moreover, the identification of diverse effects caused by fastener failure at different parts can also provide a theoretical basis for system fault targeting and maintenance.
In view of these considerations, the main contribution of this paper is to investigate the influences of fastener failure at various parts on the output characteristics of the system. Since this paper focuses on the influence of fastener failure on the system dynamics rather than the mechanisms of fastener failure, thus, the specific failure causes of fasteners are not discussed in this paper.
II. CLASSIFICATION OF FASTENERS
The common fasteners in rotor systems including bolts, nuts, washer and pins, et al. Keys are also sorted into fasteners in some standards [26] . Although different types of fasteners are diverse in structure, their specific functions are to connect parts. Once a fastener fails, the immediate result is the looseness of the joint parts. Despite the similar function the various fasteners share, the influences of fasteners' behaviors on system performances vary with their locations, especially in precision machines. In terms of the fault locations, Cao et al. [27] classified machine loosening as foundation loosening, support loosening, and part-fit loosening. Unfortunately, the three types of fault did not been explored further. According to whether or not the fastener acts on the motion transmission path of the system, we divide fasteners into sensitive fasteners and non-sensitive fasteners in this paper. The two types can be subdivided into three categories for their different failure effects on the system. Type I: The fasteners act on non-sensitive positions. Besides, the clearance between the moving part and the stationary part will not be affected by the fasteners failure. The typical fasteners of this type are pedestal bolts and bearing end cover screws et al.
Type II: The fasteners work on non-sensitive positions, and their failure will increase the clearance between the moving part and the stationary part, such as the bolts between the bearing pedestal and bearing cover. These fasteners fail will enlarge the gap between the rotor and the stator, which may cause impacting and rubbing during the system operation.
Type III: The fasteners lie on sensitive positions, such as the keys between the gear and shaft. Since these fasteners act on the motion path directly, their performances have immediate impacts on the output parameters of the system, such as operation speed, motion accuracy.
The three types of fasteners in a typical rotor system are shown in Fig. 1 .
Due to the periodic and imbalance forces in rotor systems, the dynamic behaviors of the system with various fasteners failures become more complex.
III. FAILURE MODELING OF THE FASTENERS IN ROTOR SYSTEMS
In order to simplify the analysis work, the following assumptions are made during the process of dynamic modeling:
(1) As part loosening is the immediate result of the fastener failure, the failure mode referred to in this paper is looseness.
(2) Since the force of the rotor in the axial direction is much smaller than that in other directions, only vertical and horizontal vibrations are considered.
To investigate the diverse influences of different fastener failures on system outputs, the lumped mass dynamic model is established based on the above assumptions, as is shown in Fig. 2 . The rotor is supported on the roller bearing at both sides. In this figure, m 1 is the mass of the left pedestal. m 2 , m 3 and m 4 are the lumped masses of the rotor in the left bearing, disc and right bearing, respectively. k 1 , c 1 and δ 1 are the stiffness, damping and loosening gap between the pedestal and foundation, respectively. k 2 , c 2 and δ 2 are the stiffness, damping and loosening clearance between the pedestal and the bearing cover, respectively. k is the stiffness of the shaft, and c is the damping of the rotor at the disc. c b is the damping of the rotor in the bearing. k θ , c θ and δ θ are the stiffness, damping and loosening gap between the shaft and the disc, respectively. e is the eccentricity of the disc, and r and R are the radii of the shaft and the disc respectively.
A. FAILURE MODELING OF THE FASTENERS AT NON-SENSITIVE PARTS
Let the origin coordinate be the equilibrium position of the system in Fig. 2 . The dynamic differential equations of the system in x and z directions are established as follows according to Newton's second law.
where M j , K j , C j and F j (j = x, z) are the matrixes of mass, stiffness, damping and external force, respectively. δ j (j = x, z) is the displacement vector. And
, where x i and z i are the displacements at part i in the xdirection and the z-direction, respectively.
1) TYPE I FASTENER FAILURE
When type I, there is no rubbing or impacting between the fixed parts and the moving parts. Therefore, the matrixes of stiffness, damping and external force can be written as:
where k ij and c ij are the stiffness and the damping of the fas-
and F x (x, z) are the component supporting forces of the bearings at z and x directions. According to Hertz contact theory, the two parameters can be obtained by [28] 
where a 0 is the nonlinear stiffness coefficient and a 0 > 0.
2) TYPE II FASTENER FAILURE
Since the type II fasteners provide constraint force for the moving part, the rotor and the stator would impact and rub each other when there is looseness between the bearing cover and the pedestal. Consequently, when this type of fasteners fails, the rotor at the failure side is mainly affected by the impact-rub force. And thus, these parameters can be expressed by: 
where P x and P z are the components of the impact force and rub force in the x-direction and z-direction, respectively.
3) LOOSENING MODELING
When the fastener fails, the stiffness and damping of fasteners should be piecewise linearized according to the literatures [8] , [23] . Let δ ij be the looseness in the j-direction, the k ij and c ij can be written as:
where j i is the relative displacement between the fastened members at part i in the j-direction.
4) RUB-IMPACT MODELING
As are shown in Fig. 3 , O b (x b , z b ) and O r (x r , z r ) are the geometric centers of the bearing pedestal and rotor, respectively. P N and P T are the impact force and rub force between them. Let r δ be the radial relative displacement between the bearing pedestal and rotor, then it can be expressed by
By the analysis of geometric interference, we can see that there is no rubbing or impacting between the bearing pedestal and rotor when r δ < δ 2 . Meanwhile, P T = P N = 0. When r δ ≥ δ 2 , the rubbing and impacting occur. Assume that the forces obey the Coulomb's friction law, the P T and P N can be calculated by
where k r is the radial stiffness of the bearing pedestal, f is the frictional coefficient. When decomposing the impact force and friction force into x-axis and z-axis, we can obtain that
B. FAILURE MODELING OF THE FASTENERS AT SENSITIVE PARTS
Let J 1 and θ 1 be the moment of the inertia and the angular displacement of the shaft respectively, and J 2 and θ 2 be the moment of the inertia and the angular displacement of the disc respectively. According to the law of fixed axis rotation, the local dynamic model of the rotor system can be established as
where T is the driving torque of the shaft, and F θ is the torque between the shaft and the disc.
1) DEATH ZOOM MODELING
To solve the problem of operating clearance in mechanical systems, a death zoom model is often adopted [29] , [30] . Its principle is to describe the nonlinear characteristics of the clearance by the torque between the driving part and the driven part of the system. The schematic diagram of the death zoom model is shown as Fig. 4 . In this figure, the α(t) is the relative angular displacement between the driving part and the driven part, and the torque between them is denoted by τ (t). The death model can be expressed by
where k θ and c θ are the contact stiffness and damping between the shaft and the disc respectively, and θ is the clearance. 
2) CLEARANCE COMPENSATION MODELING
When there is a clearance between the shaft and the disc, the gap needs to be compensated by the rotating of the shaft at a certain angle. Since the clearance between the key and the keyway is in the tangential direction of the shaft, it is necessary to translate the tangential gap into the rotation angle of the shaft. By the geometric analysis, the compensating schematic diagram of the clearance between the key and the keyway is established as shown in Fig.5 . In this figure, M is on the side of the key and M is on the side of the keyway. The clearance has been compensated when M and M coincide completely.
Let b be the final width of the failed key and δ θ be the clearance. θ is the rotation angle of the shaft when δ θ is compensated. According to the sine theorem, the relationship between them can be expressed by
IV. NUMERICAL MODEL AND PARAMETERS
The specific parameters for numerical analysis are listed in Table 1 . This paper mainly studies the influences of different failures and failures extent on the outputs of the system. During the process of the simulation, the fastener failure is treated as that there is a looseness gap between the parts, and the failure extent is denoted by the size of the gap.
For the fastener failure at non-sensitive parts, the effects of three different failures, i.e. type I failure, type II failure and the coupling failure of type T and type II, on the steadystate performance of the system are analyzed at the velocity of 200rad/s and 100rad/s. For the fastener failure at sensitive parts, in order to study the output changes at various stages in the actual operation, the accelerations of β = 100rad/s 2 , β = 0rad/s 2 and β = −100rad/s 2 are applied to the system at t = 0s, t = 0.15s and t = 0.25s, respectively.
The specific failure parameters are shown in Table 2 . 
V. RESULTS AND DISCUSSION

A. EFFECTS OF FASTENER FAILURE AT NON-SENSITIVE PARTS
At the rotational velocity of ω = 200rad/s, the operation of the rotor system with fastener failures at non-sensitive parts is simulated. Fig. 6 to Fig. 9 show the position variations of the disc under different failure conditions. The displacement of the disc in the x-direction under the loosening clearance δz = 0.08mm is shown in Fig. 6 . It can be seen from this figure, the disc vibrates harmonically under the eccentric force when fasteners in the system are in good condition. However, when the fasteners fail, the disc vibrates approximately harmonically in the x-direction. According to this phenomenon, we can conclude that the fastener failure at non-sensitive parts has a gentle effect on the displacement of the disc in the x-direction. Specifically, when the type I fastener fails, the amplitude of the disc in the x-direction is increased. Moreover, the equilibrium position of the disc shifts to x-slightly. On the contrary, the amplitude in this direction is decreased and the equilibrium position of the disc is offset to x+ when type II fasteners fail. The same phenomena are observed in Fig. 6(d) when type I and type II fasteners fail simultaneously. However, the change trends are not the same as the situations of type II fasteners failure. To be specific, both of the amplitude decrement and the offset of the equilibrium position is smaller than that when type II fastener fails. This phenomenon indicates that there are certain coupling effects between the failures of the two types of fasteners. Fig. 7 shows the displacement of the disc in the z-direction when clearance is 0.08mm. As we can see that the failure of different types of fasteners at non-sensitive parts has significant influences on the z-direction displacement of the disc. The vibration amplitude of the disc is much increased due to the fastener faults. These failures also result in waveform asymmetries on both sides of the equilibrium position. This is because the fastener failure caused the change of dynamic stiffness in the z-direction, and the stiffness of the fastener joint is diverse at both sides. Specifically, the stiffness of the looseness interface in z-is smaller than that in z+ when type II fastener is failed. However, it is on the contrary when the type I fastener fails due to the stiffness of the bearing. The vibration tends to have higher amplitude in the direction with lower stiffness. Consequently, the equilibrium position of the disc in Fig. 7(b) offsets to z+ while that in Fig. 7(c) deviates to z-. Additionally, as can be seen from Fig. 7 , the waveforms in the lower stiffness direction are with gentler top-cutting. For the coupling effect, the amplitude of the disc is amplified mostly, and the equilibrium position of the disc has a large z+ deviation.
To study the influence of the loosening degree of the fasteners at non-sensitive parts on the position of the disc, we increased the clearance to 1mm. The position variations of the disc in the x-direction and the z-direction are shown in Fig. 8 and Fig. 9 respectively. Compared with Fig. 8 and Fig. 6 , we can conclude that the system with heavier looseness would have smaller vibration in the x-direction, but the changes are very slight and even can be ignored. When type I fasteners fail, the larger looseness does not affect the equilibrium position of the disc in the x-direction, while it would cause a small deviation when type II fasteners fail. These are due to the rotor whirling which is generated from the impacting and rubbing between the rotor and the stator. The same phenomena can also be seen in the coupling failure. Nevertheless, the phenomena are more obvious in the coupling failure. This may because the coupling effect enhanced the influence of the rotor whirling.
The displacement of the disc in the z-direction is presented in Fig. 9 . This figure illustrates that the loosening degree has obvious effects on the displacement of the disc in the z-direction. With the looseness becoming heavier, the equilibrium positions of the disc in the three types of failure are offset to z+ under the same working condition. Besides, as can be seen from Fig. 9 , the amplitude of the disc in the z-direction is increased under heavier looseness when type I fastener is failed. These phenomena are in good agreement with the influence on the position of the disc in the system with pedestal bolt looseness in references [2, 23] . This can be explained that the big clearance provides the space for the part vibrating. However, since a large clearance would decrease the occurrence of rubbing and impacting between the bearing and bearing cover, the amplitude of the disc is diminished under heavier looseness when type II fastener fails. When the coupling failure happens, the lager gap leads to the reduction of the amplitude of the disc in the z-direction due to the coupling effect. At the meantime, both of the amplitude increment and the deviation of the equilibrium position are heavier than that when type I fastener fails.
The vibrations of the disc are shown in Fig. 10 and Fig. 11 when the rotational velocity ω = 100rad/s. As can be seen from these figures, although the vibration frequencies and amplitudes are changed, the same phenomenon can be observed and the above conclusions are applicable in this working condition.
B. EFFECTS OF FASTENER FAILURE AT SENSITIVE PARTS
The states of fasteners at non-sensitive parts mainly affect the position and attitude of the output parts in rotor systems, while that at sensitive parts affect the operation parameters, such as velocity and displacement.
The rotor system with fastener failure at sensitive parts is simulated during its operation in various stages. Fig. 12 shows the angular velocity and angular displacement error of the disc. The disc velocities under diverse looseness are shown in Fig. 12(a) . It can be seen that when the fasteners of type III fail, the velocities of the disc vary stepwise at the acceleration stage (start-up stage) and the deceleration stage (shut-down stage). Over time, the steps become gentler and eventually disappeared. Since the type III fasteners fail, the looseness clearance appears on the motion transmission path. Not until the gap is offset by the driving part does the driven part rotate. Thus, the velocity change of the driven part lags behind. In the compensating process, the velocities of the driving part and driven part change steeply due to the impact which stems from the gap and the velocity difference between them. After several impacts, there is no difference between the velocities of the driving part and the driven part. As a result, the velocity of the disc changes step by step and finally keeps the same pace with the shaft. It can be seen from Fig. 12(a) : the severer the loosening is, the greater the velocity gradient is and the longer the change lasts. Hence, the fastener failure of type III is an important factor that causes the unstable velocity of systems.
The angular displacement error of the disc is shown in Fig. 12(b) . As can be seen from the figure, the deviation curve instantaneously dropped at the beginning of the acceleration stage and then remains constant throughout the acceleration stage. In this phase, the displacement error is larger when the loosening of the type III fastener is heavier. In the next uniform speed stage (working stage) and deceleration stage, the displacement deviation begins to change and the trend varies with the time of the state shift. The reason for this phenomenon is that the loosening gap reduced the stiffness between the shaft and the disc. The lower stiffness causes the response time of the driven part to become slower. When the operation state of the driving part shifts, the driven part will keep the original state for a short time and then responses to the changes, ultimately run at a stable state. Whether the final velocity of the driven part is equal to the ideal or not is affected by the state change moment. This phenomenon can also be observed in Fig. 12(a) . The consequence that the time point of the state change will affect the running state of the machine is also proved in Zhong's [31] doctoral dissertation. Therefore, in order to maintain the high operating precision of machines, the type III fasteners must be kept in good condition.
VI. CONCLUSION
In rotor systems, there are obvious differences between the influences of the fastener failure at various parts on system outputs. Fastener failure at non-sensitive parts would increase the amplitude of the system in its clearance direction. In the tangential direction, the failure of type I fastener would increase the vibration amplitude and cause the equilibrium position of the disc to deviate to x-, while type II fastener failure has the opposite effects. This characteristic can be adopted to distinguish the fastener failures between type I and type II. When type III fastener fails, the velocity of the system would change stepwise at the beginning of the start-up phase and shut-down phase. This phenomenon can also be observed when the machine turning. These findings in this paper could be applied to failure diagnose in rotor systems. Moreover, this study can also contribute to revealing the mechanism of the rotor system failure caused by fasteners. 
